The addition of Re to Ni on TiO 2 yields efficient catalysts for the hydrogenation of acids and esters to alcohols under mild conditions. Rhenium promotes the formation of atomically dispersed and sub-nanometre-sized bimetallic species interacting strongly with the oxide support.
Hydrogenation of carboxylic acid esters is an important class of reactions used to produce fatty alcohols and other chemicals. 1, 2 Global fatty alcohol consumption reached 4.6 million tonnes in 2016. 3 The annual production capacity continues to expand and several plants has recently gone online in Southeast Asia. 4 Due to the intrinsic resistance of carboxylic acids and esters to reduction, 5 current industrial processes employing Cu/Zn chromite catalysts 6, 7 operate at high temperatures (200-300 1C) and pressures (140-300 bar H 2 ). 8 Milder conditions can be employed when using homogeneous noble 8, 9 (Ru 10 and Ir 11 ) as well as base transition metal (Mn, [12] [13] [14] [15] Fe 16, 17 and Co 18, 19 ) catalysts. However, such ester reduction processes have so far remained limited to fine chemical and pharma applications due to their high costs and limited recyclability. New heterogeneous catalysts are desirable to improve the sustainability of the larger-scale reduction processes. The best performances so far have been observed for the bimetallic heterogeneous catalyst formulations. 8, [20] [21] [22] seminal studies by Narasimhan et al. 23, 24 established also the importance of the synergy between the metal and support components. Recently, the hydrogenation of C 6-18 fatty acids over supported Pd-Re and Pt-Re systems has received much attention. 25 Tomishige et al. [26] [27] [28] demonstrated the versatility of Pd-Re catalysts in hydrogenation of fatty acids including hexanoic, capric, palmitic and stearic acids at 140 1C and 80 bar H 2 . It was proposed that the role of Pd is to promote the reduction and dispersion of Re in the active catalyst. 26, 29 Shimizu and co-workers utilized Re/TiO 2 to develop a broadly applicable synthetic methodology for the selective reduction of a wide range of carboxylic acids. 30 Hardacre and co-workers 31, 32 were successful in hydrogenating stearic acid over Pt-Re/TiO 2 catalysts under unprecedentedly mild conditions of 120 1C and 20 bar H 2 . However, when esters are used as the substrates, the performance of such Re-promoted catalysts is much lower. Besides a higher temperature required for the reduction, the product yield usually does not exceed 30% due to in situ poisoning of the catalyst by short-chain alcohol byproducts. 33 As a result of these finding and the need to replace platinum group metals with cheaper non-critical elements, we herein present the investigation of the catalytic and structural properties of a series of Ni-Re (x : y)/TiO 2 catalysts and disclose their unprecedented performance in the hydrogenation of carboxylic acid and ester substrates. For all catalysts, the Ni content was maintained at 3 wt% while the Re content was increased up to a Ni to Re molar ratio of 1 : 4. In analogy with our previous study, 33 we first evaluated the catalytic performance of these materials using methyl hexanoate as a model substrate and hexane as the solvent (Fig. 1 ). The initial screening experiments identified alkanes to be preferred over other solvents including 1,4-dioxane, THF and 1,2-DME ( Fig. S1 , ESI †). For Ni-Re (1 : 2)/TiO 2 , high conversion (X) of methyl hexanoate (95%) with moderate selectivity (S) to 1-hexanol (58%) was achieved in hexane at 180 1C and 50 bar H 2 in 8 h ( Fig. 1 ). Good performance was also witnessed for Ni-Re (1 : 1)/TiO 2 (X = 82%, S = 79%). Hexanol selectivity increased at lower Re content, but at the expense of conversion as can be seen for Ni-Re (5 : 2)/TiO 2 (X = 35%, S = 96%) in Fig. 1 . To the best of our knowledge these are the highest ester hydrogenation activities reported so far for nonnoble metal-based heterogeneous catalysts.
The Ni-Re synergy is apparent from the much better performance of the bimetallic catalysts compared to their monometallic counterparts ( Fig. 1 ). The crucial role of the TiO 2 support for the activity of the bimetallic catalyst is underpinned by the lower methyl hexanoate conversions obtained with Ni-Re (1 : 2) on Al 2 O 3 , C, CeO 2 and SiO 2 (Fig. S2 , ESI †). A similar effect has been previously noted by us for a related Pt-Re ester hydrogenation system. 33 In contrast to their Pt-containing analogues, Ni-Re catalysts did not show any sign of deactivation during the catalytic runs as follows from the analysis of the yield-time profiles and the effect of catalyst loading ( Fig. S3 and S4, ESI †). Furthermore, conversion, albeit much reduced, could be achieved at 160 1C before complete loss of activity at lower temperatures ( Fig. S5 , ESI †).
Bright field TEM images of the Ni and Ni-Re (1 : 2) catalysts highlight a significant decrease in average particle size and a narrowing of the particle size distribution on the addition of Re to Ni/TiO 2 ( Fig. 2a Temperature programmed reduction (TPR) shows that all bimetallic Ni-Re/TiO 2 catalysts could be reduced at temperatures below 350 1C ( Fig. S13 , ESI †). Among the Ni-Re catalysts dispersed on different supports, the reducibility of the TiO 2supported ones was highest. A somewhat lower H 2 -to-metal ratio observed for the bimetallic catalysts (Table S1, ESI †) is attributed to the prevalence of sub-nanometre-sized cluster species strongly interacting with the oxide support.
X-ray photoelectron spectroscopy (XPS) analysis of the reduced catalysts ( Fig. 3 and Fig. S14 , S15, ESI †) showed the co-existence of Ni 0 and Ni 2+ species and a high heterogeneity of Re species in different oxidation states on the catalyst surface. For the monometallic Re/TiO 2 catalysts, ( Fig. 3(a, b) and Fig. S15 , ESI †) the increase in Re loading resulted in the increase of the percentage of metallic Re from 17 to 40% at the expense of the overall contribution from the oxidized species (ReO x , Re 2+ , Re 4+ , Re 5+ and Re 6+ ), which relative abundance was not affected by the Re contents. For the bimetallic Ni-Re (1 : 1)/TiO 2 system with a nominal Re loading of 9.5 wt%, the fraction of Re 0 (37%) is ca. twice higher than that in the corresponding 9 wt% Re/TiO 2 catalyst (17%). Interestingly, the addition of Ni eliminated the Re 2+ fraction in the bimetallic sample, while the fractions of all other Re valance states were unchanged relative to each other. The XPS data suggest that surface enrichment of metallic Re species, particularly in bimetallic Ni-Re catalysts, gives rise to an enhanced performance in methyl ester hydrogenation.
Further catalytic tests reveal that the chain length of both solvent and substrate impact strongly the activity trends as well as the extent of the Ni-Re synergy. Table 1 shows that for hydrogenation of methyl hexanoate in octane the addition of small amount of Re to Ni/TiO 2 made the catalyst active with a high selectivity to the 1-hexanol product (S = 92%). Further addition of Re was beneficial in terms of conversion (X max = 74%), but was accompanied by some variation in product distribution. Small amounts of alkane (hexane) and trans-ester (hexane hexanoate) by-products were formed together with 1-hexanol as the major product. The analysis of the reaction progress over time for the Ni-Re (1 : 2)/TiO 2 catalyst (Fig. S13 , ESI †) showed that at lower reaction times of 1 to 4 h, the selectivity to 1-hexanol is over 80% and it gradually decreases as the reaction progresses to approximately 60% at full conversion. This selectivity loss is due to the secondary conversion processes dominated by hexanol hydrogenolysis.
In hydrogenation of methyl hexanoate in octane, the performance of high-loading Re/TiO 2 catalysts was comparable to that of Ni-Re (1 : 2)/TiO 2 , whereas the Ni-only catalyst was completely inactive (Table 1 and Table S2 , ESI †). The use of hexane as a solvent appeared to be crucial for the hydrogenation activity of the monometallic Ni/TiO 2 catalyst as well as for the enhanced performance of the bimetallic catalysts. We tentatively attribute this to the effects related to competitive adsorption from the liquid phase to the surface.
The substrate scope was next extended to methyl octanoate and methyl decanoate to investigate the influence of the substrate chain-length. Ni-Re (5 : 2) and Ni-Re (1 : 2)/TiO 2 catalysts were exceptionally active for the hydrogenation of both methyl octanoate and methyl decanoate in hexane, respectively. In terms of conversion, Ni-Re (5 : 2)/TiO 2 was found to be critically sensitive to the length of substrate side-chain (X = 81% with Me-octanoate vs. 16% with Me-decanoate) while selectivity towards the alcohol product peaked at 93%. Both high conversion and selectivity could be obtained over Ni-Re (1 : 2)/TiO 2 . Critically, the synergy between the two metals is clear for the hydrogenation of both methyl octanoate and methyl decanoate esters in hexane solvent when moving from pure Ni or pure Re to the bimetallic Ni-Re/TiO 2 systems.
Next, Ni-Re (1 : 2)/TiO 2 catalyst was evaluated for the hydrogenation of hexanoic acid under mild reaction conditions. The efficient hydrogenation of hexanoic acid in octane solvent ( Table 2) can be achieved at temperatures as low as 120 1C (X = 35%, S = 82%). Upon raising the reaction temperature to 150 1C the yield of 1-hexanol increased at the expense of the product selectivity. The hydrogenation of carboxylic acids proceeds at lower temperatures relative to that of their corresponding methyl esters. In fact, hydrogenation of hexanoic acid at 180 1C, that is the temperature used for ester hydrogenation, is detrimental to the selectivity (S = 60%) due to the accompanying side-reactions such as decarboxylation, dehydration and trans re-arrangement reactions. The catalyst could be successfully re-used after reduction in a flow of 10% H 2 (300 1C/1 h). No significant loss of conversion and no change in product selectivity were observed with the recycled catalyst (Table 1) . BF-TEM analysis indicated that the reduction step allowed to restore the particle size distribution observed in the fresh catalyst ( Fig. S17, ESI †) . The Ni-Re catalysts could also be prepared via sequential impregnation instead of co-impregnation. In this case, Ni was first impregnated onto the TiO 2 support and reduced in 10% H 2 before applying the same procedure for Re to form Re[Ni]/TiO 2 . Such catalysts displayed a near-identical activity in hydrogenation of methyl hexanoate with slightly improved selectivity to hexanol (X = 67%, S = 74%). BF-TEM analysis evidenced a narrow distribution of particles ca. 0.9 nm in diameter for the sequentially prepared sample (Fig. S18, ESI †) .
To the best of our knowledge, this study represents the first example, in which supported Ni-Re catalysts were successfully applied in the hydrogenation of esters and carboxylic acids under mild conditions. The selectivity to alcohol products could be increased to over 90% via the addition of small amounts of Re to Ni/TiO 2 , which represents a promising route for further optimization of the heterogeneous catalyst. The co-existence of Ni and Re on TiO 2 surface gives rise to (i) smaller average particle sizes, (ii) narrower distribution of nanoparticles, (iii) considerably reduced H 2 -to-metal ratios relative to both monometallic Ni and Re counterparts, and (iv) a higher relative proportion of surface metallic Re species. Atomic scale analysis by aberration corrected STEM highlights the fact that the use of an incipient-wetness impregnation preparation route and subsequent reductive treatments yields a wide range of coexisting sub-nanometer-sized Ni-Re species of varied composition, thereby hindering identification of the actual active site(s) in this system. Our study provides evidence of a promising new approach of making alloyed Re-3d transition metal catalysts, but synthetic methods for the preparation of better-defined materials need to be developed in order to gain an understanding of what controls speciation in these systems. Nevertheless, it is clear that Ni-Re catalysts can effectively compete with their more expensive Pd-Re and Pt-Re counterparts for the hydrogenation of such challenging substrates as carboxylic acids and their esters.
We thank A. van Hoof and A. Litke for TEM measurements. This work has been performed within the framework of the CatchBio program. E. A. P. thanks the Government of the Russian Federation (Grant 074-U01) and the Ministry of Education and Science of the Russian Federation (Project 11.1706.2017/4.6) for support of his ITMO professorship. C. J. K. gratefully acknowledges funding from the National Science Foundation Major Research Instrumentation program (GR# MRI/DMR-1040229).
